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ABSTRACT
Coal ash (CA) is an industrial waste, produced by coal-burning power stations, containing
multiple trace metals that can leach into aquatic ecosystems. While numerous studies have
examined the impacts of coal ash spills on aquatic vertebrates, little is known on the effects
of CA leachates (CALs) on aquatic invertebrates. This study consisted of two components:
trace metal analysis assessing the impacts of increasing coal ash concentration on trace
metal leaching and a lab-based analysis examining the effects of synthetic coal ash
leachates on the viability, development stage, hatching rate, bioaccumulation, and
reproduction of Planorbella duryi. Higher trace metal concentrations were detected in the
higher leachate treatments (10 g/L and 50 g/L). Accelerated development and rapid
hatching rate were observed in egg clutches exposed to the 1 g/L treatment. Developmental
delays and decreased hatching success were observed in the 25 g/L and 50 g/L treatments.
Higher trace metals were detected in adults exposed to the 10 g/L and 50 g/L treatments.
Adults exposed to the 50 g/L treatments laid fewer egg clutches with lower egg deposition
compared to the lower treatments. This research aims to determine the potential sublethal
impacts of treated coal ash waste on a non-model aquatic invertebrate.
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CHAPTER 1 - INTRODUCTION
BACKGROUND ON TRACE METALS
Human populations and their associated activities tend to be concentrated near aquatic
ecosystems (e.g. riverine, lacustrine and coastal ecosystems), making them common
receptors and sinks of pollutants such as trace metals, nutrients, and organics (Niu et al.,
2021; Coxon et al., 2016). The presence of trace metals in sediments poses a potential
environmental threat since these contaminants can be remobilized back into the water
column and are persistent, non-biodegradable, and toxic (Hwang et al., 2016;
Christophoridis et al., 2009; Bednarova et al., 2013; Lai et al., 2013; Lim et al., 2013). The
potential impact of these toxic trace elements can be exacerbated by bioaccumulation and
biomagnification, resulting in their impacts extending beyond their points of entry (Coxon
et al., 2019; Hwang et al., 2016; Rainbow, 2007; Wang and Rainbow, 2008).
The environmental problems associated with the distribution of trace metals in
aquatic ecosystems and their potential toxicity on aquatic organisms is well studied
(Alamdar et al., 2017; Coxon et al., 2016, 2019; Devlin, 2006; Hayes, 1997; Luo et al.,
2011; Wang et al., 2011). Examples include Howe et al.’s (2014) examination of the effects
of trace metal exposure on the development of the sea anemone Aiptasia pulchella at the
juvenile stage, finding elevated levels of cadmium (Cd), cobalt (Co), copper (Cu), and zinc
(Zn) within juveniles after 8 days of exposure (5-262 µg/L). Jebali et al. (2013) found that
trace elements such as Cd and lead (Pb) bioaccumulated within the digestive gland, gills
and muscle of exposed fan mussels (Pinna nobilis). Embryonic fathead minnows have been
shown to uptake levels of mercury (Hg) (2.80 µg/g wet weight) after exposure to 40 µg/L

of methylmercury (Devlin, 2006). Various fish species (Sperata sarwari, Wallago attu,
Cirrhinus reba, and Catla catla) have been shown to bioaccumulate high levels of trace
metals such as Cu, arsenic (As), Pb, and more near industrial areas with high trace metal
pollution (Alamdar et al., 2017).
Globally, trace metal pollution in aquatic ecosystems is generally linked to
progressive increases in human populations and associated land use intensification (Hwang
et al., 2016; Frignani and Belluci, 2004; Lim et al., 2013). Concentrations in water and
sediments tend to increase with urbanization, industrial development, and other related
activities (Hwang et al., 2016; Abrahim and Parker, 2008; Horowitz and Stephens, 2008).
In urban transportation systems, decaying concrete and automobile parts release trace
metals in associated landscape and dispersed to waterways, specifically as water flows
through multiple landscapes (Coxon et al., 2016; Rice, 1999; Wang and Björn, 2014;
Karuppiah and Gupta, 1998; Yesilonis et al., 2008). Other point sources, including
municipal sewage discharges, industrial releases, mining, and power plant effluence, can
be major contributors of trace metals within a region (Coxon et al., 2016; Alloway, 2013,
Andren et al., 1975). One of the most significant sources of industrial contaminants in
aquatic ecosystems and the main focus of this study is coal-burning power stations, as they
tend to be located adjacent to fluvial, lacustrine, or coastal zones (Coxon et al., 2016; Kim
et al., 2000; Petti, 1989; Scudlark et al., 2005).
TRACE METALS FROM COAL COMBUSTION
The combustion of coal in coal-burning power plants serves as one of the main
sources of electricity production in major countries such as the United States and China
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(Sahoo et al., 2016; Heidrich et al., 2013). Coal-fired power generation accounts for
approximately 29.9% of the world’s electricity, and it is expected to increase to 46% by
2030 (Usmani and Kumar, 2017; Yao et al., 2015). According to the American Coal Ash
Association (ACAA), 128.7 million tons of coal combustion byproducts (CCB’s) were
produced by U.S electric utilities in 2002 (Wang et al., 2004). One of these CCB’s is a fine
powdery material (0.5 – 100 µm) called coal fly ash (da Silva et al., 2018). It is highly
heterogeneous and is generally composed of ferric oxide (10-40%), silicon dioxide (2060%), aluminum oxide (5-35%), calcium oxide (2-10%), and other minerals (Flues et al.,
2013; Jegadeesan et al., 2008).
During coal combustion, trace elements are converted into solid and/or gaseous
forms, with the majority being accumulated in its byproducts, such as fly ash (Usmani and
Kumar, 2017; Nalbandian, 2012; Kim et al., 2017). As a result, fly ash becomes
concentrated with metals, such as As, selenium (Se), and Pb (Jegadeesan et al., 2008). Fly
ash can be enriched approximately four to ten times more than the parent coal after
combustion (Usmani and Kumar, 2017; Yao et al., 2015). Even though the trace metals are
present in small fractions of parts per million (ppm) or parts per billion (ppb), their
cumulative build-up and high production per year has an impact on the ash’s suitability for
beneficial reuse (Jegadeesan et al., 2008). Trace metals are known to leach from the coal
ash into the soil due to weathering, potentially contaminating surface and groundwater as
a result (Basappa and Dikshit, 2012).
While approximately one-third of coal ash waste gets reused in the production of
cement and concrete, the remaining two-thirds are disposed in landfills or surface
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impoundments (Wang et al., 2004). Under the Environmental Protection Agency’s
National Pollution Elimination Discharge Permit (EPA NPDES), coal-burning power
plants can also dispose of their coal ash by discharging it directly into nearby waterways
(EPA, 2015). While this permit does not specify a specific concentration of coal ash that is
allowed to be discharged for all power plants, the EPA does ensure that a state’s mandatory
standards for clean water and the federal minimums are being met (EPA, 2015). Depending
on the power plant, this permit can specify an acceptable level of a pollutant that can be
discharged into a Virginia waterway, or it can call for safe management practices to ensure
clean water prior to its release into the environment such as installing a screen over a pipe
to prevent debris from entering waterways (EPA, 2015).
Coal ash has also been unintentionally released into the environment through coal ash
spills. One of the largest coal ash spills in United States history was the Kingston Coal Ash
Spill (Ramsey and Szynkiewicz, 2019; Rivera et al., 2017). In December 2008, the
Kingston Fossil Power Station released over 4.1-million cubic meters of fly ash into the
Clinch, Emory, and Tennessee Rivers (Rivera et al., 2017). Some of the major trace metal
contaminants found were As, Cu, barium (Ba), Cd, chromium (Cr), Pb, Hg, nickel (Ni),
and Se (Rivera et al., 2017). While cleanup efforts were attempted, an estimated 5 to 60
tonnes of residual ash containing trace metals were left in the river sediments (Rivera et
al., 2017). Another major result of this spill was the killing of local fish populations and
contamination of the local aquatic habitat (Ramsey and Szynkiewicz, 2019). One of the
elements of most concern at the Kingston spill site was selenium because of its known
toxicity to fish (Rivera et al., 2017).
IMPACTS OF TRACE METALS ON BIOTA
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Upon being discharged into nearby waterways, coal ash and its metal contaminants
such as As, Hg, and Se have the potential to bioaccumulate in aquatic organisms (Greeley
et al., 2016). In a coal ash toxicity study, three different target fish species (Bluegill sunfish,
redear sunfish, and largemouth bass) were collected from areas surrounding the Kingston
Fossil Fuel Power Plant (Mathews et al., 2014). To determine if selenium bioaccumulation
was a concern, the tissues of the three-target species and fillets were analyzed and
compared to one another for Se levels (Mathews et al., 2014). The results showed that
concentrations of Se in fish collected from the coal ash-affected locations were
significantly higher than fish from the reference locations, with fillet concentrations
ranging between 1.2-5.5 μg/g compared to Se concentrations of up to 8 μg/g for the fish
collected from the ash-affected locations (Mathews et al., 2014). This coal ash toxicity
study indicates a relationship between coal ash discharge and bioaccumulation of metals
in aquatic organisms, such as the sunfish, suggesting that coal ash has a negative impact
on freshwater species.
Another study examined the effects of the Kingston Coal Ash Spill on various
freshwater turtle species found in two rivers that were impacted by the spill (Van Dyke et
al., 2016). The levels of trace metal concentrations found in four different turtle species:
Apalone spinifera, Chelydra serpentina, Sternotherus odoratus, and Trachemys scripta
were also compared (Van Dyke et al., 2016). These data were compared to the same four
turtle species that were collected in a third river unaffected by the spill (Van Dyke et al.,
2016). High concentrations of the trace elements As, Cu, Fe, Hg, Mn, Se, and Zn were
found in turtles collected in rivers impacted from the spill compared to turtles not impacted
by the spill from the third river (Van Dyke et al., 2016). This study indicates the potential
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of trace metals to bioaccumulate in aquatic organisms that are exposed to coal ash. In
toxicology studies, one of the most common aquatic organisms that are utilized for
assessing metal toxicity are aquatic snails.
SNAILS AS A MODEL ORGANISM
Numerous studies have examined the effects of pollutants on aquatic snails via
embryonic assays. Baurand et al. (2015) assessed three metallothionein genes (CdMT
gene) within embryonic garden snails (Cantareus aspersus) after 20 days of exposure to
Cd (2-6 mg/L) or a fungicide Bordeaux mixture containing Cu. Their findings suggest that
the CdMT gene was upregulated as cadmium concentrations were increased (Baurand et
al., 2015). Another study examined the toxicity of naphthenic acids (NAs) on the
development and hatching rate of the snail Lymnaea stagnalis (great pond snail) (Johnston
et al., 2016). Their exposures resulted in an EC (half maximal effective concentration)
50

value of 31 mg/L after 28 days of exposure, and hatching rates decreased in snails exposed
to 20 mg/L or more of the NA mixture used (Johnston et al., 2017). Tallarico et al. assessed
the developmental and acute toxicity of Cr and surface water samples on embryonic and
adult marsh snails (Biomphalaria glabrata). For the embryonic assay, the lowest calculated
EC value (5.76 mg/L) was examined within embryos in the Veliger stage of development
50

(Tallarico et al., 2014).
Previous studies have also examined the impacts of pollutants on aquatic snails
via reproduction assays. One study conducted an in situ cage experiment using adult
Physella acuta snails that were placed in three distinct rivers in the Iberian peninsula
presumed to contain endocrine-disrupting compounds (De Castro-Català et al., 2013).
Upon reproduction, cages were examined for the number of egg clutches, number of eggs
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per clutch, and embryonic development after 8 days (De Castro-Català et al., 2013). Results
indicated the number of eggs per clutch as well as the total number of eggs per snail
experienced a decrease in snails placed in the downstream sites, and the development of P.
acuta was delayed in some downstream sites of the basins (De Castro-Català et al., 2013).
Another study conducted a reproduction assay using endosulfan (an organochlorine
insecticide) and ethanol on adult Biomphalaria tenagophila snails (Oliveira-Filho et al.,
2009). High levels of developmental toxicity were observed within the F (first generation)
1

and F (second generation) embryos as well as the highest concentration of 0.1 mg L

-1

2

inhibited egg production by the F (parental snails) and F snails (Oliveira-Filho et al., 2009).
0

1

Additionally, previous studies have assessed the effects of pollutants on aquatic
snails via bioaccumulation studies conducted on adults. One study examined the
bioaccumulation of Cu, iron (Fe), Se, and Zn within adult silty horn snails (Pleurocera
canaliculatum) collected from near the Tennessee Valley Authority’s coal ash spill site in
Kingston, Tennessee (Pouil et al., 2020). Snails collected from the Kingston site exhibited
low removal rates of all trace metals analyzed despite experiencing a high rate of metal
bioaccumulation compared to the mayfly nymphs collected from the site (Pouil et al.,
2020). Coeurdassier et al. (2005) assessed the toxicity of industrial effluent containing high
levels of Cr, Zn, and Fe on the freshwater snail species Lymnaea stagnalis. Concentrations
of Cr and Zn were found to bioaccumulate within the whole body tissue of the snail, while
internal concentrations of Fe remained constant irrespective of the Fe concentration within
the test solution itself (Coeurdassier et al., 2005).
The ramshorn snail Planorbella duryi served as the test species in this study. P. duryi
is a freshwater snail species that is known as an endemic species to North Carolina and
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Florida (USGS, 2021). They are often present in slow-running, shallow waters, typically
attached to aquatic vegetation and decaying matter (Magare, 2015). While they are tolerant
of a wide range of environmental conditions, they grow best in a pH of at least 5.8, ranging
to a maximum pH of 8 (Magare, 2015). They reproduce sexually, can self-fertilize, are
hermaphroditic, oviparous, and lay their eggs in a transparent, gelatinous mass (Magare,
2015). Various studies have compared the anatomy of P. duryi to other freshwater snail
species, especially to ones in the Planorbidae family (Tripathy et al., 2019); however, this
freshwater invertebrate is not an EPA test model species and, therefore, few toxicology
studies have been conducted using this freshwater snail.
RESEARCH OBJECTIVES
While coal ash has been widely studied for the presence of various trace metals and
their leaching characteristics, there is limited knowledge about the impact of ash
concentration on trace metal leaching. The first goal of this study is to conduct trace metal
analysis of synthetic coal ash leachates prepared in the laboratory using inductively
coupled plasma optical emission spectroscopy (ICP-OES: Thermoscientific iCAP 6000
Series), in order to evaluate the effect of varying coal ash concentrations on the leaching
of metals in solution.
While the toxicity of coal ash has been investigated in many studies, our knowledge
of its impact on the development of freshwater gastropods is limited. Previously, it has
been unclear whether sublethal concentrations of trace metals derived from coal ash waste
can induce a change in embryonic development, which influences how an organism grows
and survives in its environment. The second goal of this study is to examine the impacts of
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the synthetic coal ash leachates on the viability, development, and hatching rate of
embryonic P. duryi, a freshwater snail species. Exposure assays of embryonic P. duryi to
leachates will determine how coal ash and its toxic constituents will affect the development
and hatching rate of this freshwater snail species. Additionally, our knowledge of the
sublethal effects of treated coal ash waste on the reproductive function of freshwater
gastropods is also limited. Thus, the third and fourth goals of this study are to examine the
impacts of the synthetic coal ash leachates on the reproduction and bioaccumulation of
trace metals within adult P. duryi. When combined, the goals of this study will provide
understanding of how coal-burning repositories impact aquatic ecosystems through their
disposal of treated coal ash waste via lined and unlined coal ash ponds located near
waterways.
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CHAPTER 2 – METHODS
SYNTHETIC COAL ASH LEACHATES
Solution Preparation
Synthetic water (0.192 g/L NaHCO , 0.120 g/L CaSO * 2H O, 0.120 g/L MgSO ,
3

4

2

4

and 0.008 g/L KCl) were used for creating leachate solutions (Table 2.1). Six 1L glass
vessels were filled with 1 L of synthetic water. The pH level of these solutions before the
addition of coal ash was adjusted to a pH of 7.0 due to 7.0 being the pH level that is most
tolerated by this species (Magare, 2015). The initial pH of all six synthetic water solutions
was measured using a pH-ion analyzer 455 before the addition of coal ash. To adjust the
pH of the solutions, 2 mL of trace metal grade hydrochloric acid (HCl) was diluted to 25mL
using DI water. By drops, the pH of each solution was adjusted using the diluted HCl. Once
the desired pH was reached, one of six coal ash treatments (0 g/L, 1 g/L, 10 g/L, 25 g/L,
50 g/L, and 100 g/L) was added to each glass vessel. These six treatment levels were used
for exposures in the embryonic assay.
Coal ash used in this study was obtained from the PEPCO Morgantown Generating
Station Faulkner Off-site Disposal Facility in Morgantown, Maryland. The exact metal
composition of the coal ash utilized in this study was not assessed before leachate
preparation. Upon the addition of coal ash, each glass vessel was manually agitated for 10
seconds and the leachates allowed to sit for a period of 48 hours to settle. After 48 hours,
all six leachates were filtered using a Vacuubrand ME-1 Vacuum Pump to remove any
particulate matter from the solution. Methods for filtration were based on Duong, 2020.
Preparation of leachates used in reproduction and bioaccumulation assays were conducted
similarly to the leachates prepared for the embryonic assay; however, the leachates
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prepared for these assays utilized four coal ash leachate treatment levels instead of six: 0
g/L, 1 g/L, 10 g/L, and 50 g/L.
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Table 2.1: Chemicals used to compose synthetic water (using DI water) for stock
population and coal ash leachates

Compound

Concentration

NaHCO3
CaSO4 · 2H2O
MgSO4
KCl

0.192 g/L
0.120 g/L
0.120 g/L
0.006 g/L
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Trace Metal Analysis
The concentrations of Al, As, Ca, Cd, Cr, Cu, Fe, Mg, Mn, Pb, Se, and Zn were
analyzed in all coal ash leachate treatment levels. Leachates were filtered and stored in
separate acid-washed glass vessels. After filtration, the trace metal content of each aliquot
was analyzed with inductively coupled plasma optical emission spectroscopy (ICP-OES)
at wavelengths selected to reduce potential interferences (Table 2.2) (Coxon et al., 2016).
Trace metal standards were prepared for each trace element, with R values ranging from
2

0.769-1.000 (Table 3.1) (Coxon et al., 2016). All glassware was washed before and after
making standards by submerging the glassware in an acid bath filled with 10% HNO for
3

24 hours (Coxon et al., 2016). After 24 hours, all glassware was washed with nanopure
ultra-deionized water and dried overnight (Coxon et al., 2016).
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Table 2.2: Wavelengths selected for trace metal analysis using ICP-OES.

Element

Wavelength

Al
As
Ca
Cd
Cr
Cu
Fe
Mg
Mn
Pb
Se
Zn

(in nm)
308.215
193.759
431.865
228.802
359.349
324.754
371.994
285.213
279.482
216.999
206.279
334.502
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LABORATORY EXPOSURE
Snail Husbandry
Ramshorn snails were maintained in a 5L tank containing synthetic water. Synthetic
water was prepared by adding 0.192 g/L NaHCO , 0.120 g/L CaSO * 2H O, 0.120 g/L
3

4

2

MgSO , and 0.008 g/L KCl to a volume of 20 L of DI water (Table 2.1). A water change
4

was conducted on the tank three times a week and the snails were maintained on a diet of
spirulina flake food every 2-3 days. A water quality test was conducted on the tank once a
week in order to monitor various water quality parameters such as pH, ammonia, nitrate,
and nitrite levels.
Embryonic Assay
Embryonic assays were conducted over a 10-day exposure period. The individual
volume capacity of the petri dishes used as test vessels was 200mL. All glass petri dishes
were submerged in an acid bath filled with 10% HNO for 24 hrs. After 24 hrs, all glassware
3

was washed with nanopure ultra-deionized water and left to dry overnight. For exposures,
each petri dish was filled with 25 mL of a coal ash leachate treatment level. To ensure
constant temperature, all test vessels were placed in a Styrofoam incubator set at 24°C
±1°C throughout the 10-day exposure period.
Embryonic P. duryi were exposed to the coal ash leachates, prepared at multiple
concentrations (0 g/L, 1 g/L, 10 g/L, 25 g/L, 50 g/L, 100 g/L). Per treatment level, seven
<2-hour old embryo clusters were collected. Each petri dish was filled with 25 mL of a
coal ash leachate treatment level. Each individual embryo cluster was transferred and
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isolated into a Pyrex Glass Reusable Petri Dish using a plastic transfer pipet. Upon labeling
the petri dish with the treatment level and the date in which the egg clutch was laid, the
petri dish was placed into a Styrofoam incubator for the 10-day exposure period. The
temperature of the incubator was monitored and kept constant at a temperature of 24°C
±1°C. Water changes were conducted every 72 hours during the 10-day exposure period.
Each egg clutch was examined every 24 hours under a dissecting microscope for viability,
development stage, hatching time, and mortality of all embryos within the egg clutch (Bal
et al., 2016).
Methods for identifying snail development within the egg clutches were based on
Bandow and Weltje (2012). In the egg clutches, snail embryos go through four different
developmental stages: Morula (days 0-3), Trochophora (days 3-5), Veliger (days 5-7), and
Hippo stage (days 7-10) (Figure 2.1). Embryos within the Morula stage have little to no
movement and are small in size (Figure 2.1) (Canton and Slooff, 1977; Lalah et al., 2007).
Embryos within the Trochophora stage show the first signs of movement and the initial
development of tissues (Figure 2.1). Embryos within the Veliger stage begin to grow
irregular in shape, and certain features such as the foot and the shell become prominent
(Figure 2.1). Lastly, embryos within the Hippo stage are fully-developed, with features
such as the foot, shell, and the eyes becoming distinguishable (Figure 2.1). This stage is
also where the heart rate becomes visible (Canton and Slooff, 1977; Lalah et al., 2007).
The control parameters of development stage and hatching rate were determined in a pilot
study and graphed for data comparison (Figure 2.2).
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A

B

C

D

Figure 2.1: P. duryi development stages (A-D), Morula stage (A), Trochophora stage (B),
Veliger stage (C), and Hippo stage (D).
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Figure 2.2: P. duryi development stages observed during a 10-day pilot study (1), and snail
hatching rate observed during a 10-day pilot study (2).

18

Bioaccumulation Assay
Adult P. duryi used in the reproduction assay were also used in the bioaccumulation
assay after day 9 of exposure. Methods for whole snail digestion are based on ShuhaimiOthman et al. (2012). After day 9 of exposure, adult P. duryi were rinsed with DI water
and euthanized in boiling water for approximately 3 minutes. Whole bodies of the snails
were extracted from their shells and rinsed with DI water. Snails were then oven-dried at
80 C for 2 hours and weighed using a balance before digestion. Each whole snail was
o

transferred to an individual acid-washed glass test tube (volume capacity = 40 mL). Each
snail was digested in 1.0 mL nitric acid (65%) in a block thermostat (80 C) for 2 hours.
o

Upon cooling, 0.8 mL of hydrogen peroxide (30%) was added to the solutions and test
tubes were placed back on the block thermostat (80 C) for an additional hour until solutions
o

became clear. Solutions were diluted to a total volume of 25 mL using nanopure ultradeionized water in 25mL volumetric flasks. These final solutions were then ready for trace
metal analysis using ICP-OES.
Reproduction Assay
Methods for reproduction assay were based on Frankel et al., 2020. Reproduction
assays ran for a 9-day exposure period. The individual volume capacity of the beakers used
as test vessels was 1 L. All beakers were submerged in an acid bath filled with 10% HNO

3

for 24 hrs. After 24 hrs, all glassware was washed with nanopure ultra-deionized water and
left to dry overnight. For exposures, each beaker held 400 mL of a coal ash leachate
treatment level. To ensure constant temperature, all test vessels were placed in an incubator
set at 24°C ±1°C throughout the 9-day exposure period.
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Adult P. duryi were exposed to the coal ash leachates, prepared at various
concentrations (0 g/L, 1 g/L, 10 g/L, 50 g/L). Per treatment level, twelve adult P. duryi
were collected and used for the study. Sexually mature P. duryi were chosen to ensure each
breeding pair exhibited similar body mass. Each beaker was filled with 400 mL of synthetic
water. An adult P. duryi pair was transferred and isolated into the glass beaker covered
with perforated Parafilm. Each adult P. duryi pair were given a minimum acclimation
period of 3 days to ensure each pair’s ability to reproduce and lay viable egg clutches. After
the 3-day acclimation period, the solution in each beaker was replaced with 400 mL of a
specific leachate treatment level (n = 6 per treatment). Water changes were conducted
every 72 hours during the 9-day exposure period. Each beaker was examined every 24
hours for any newly-laid egg clutches. Any egg clutches were collected from the beaker
using a plastic transfer pipette, transferred to a small, plastic petri dish, and observed under
a dissecting microscope. The total number of egg clutches and the number of total eggs per
clutch were quantified under a dissecting microscope per treatment level.
Statistical Analysis
A one-way analysis of variance (ANOVA) test was conducted on the data collected
from the reproduction assay in order to assess the relationship between the coal ash leachate
treatment levels and their impacts on the total number of embryos laid as well as the total
number of egg clutches laid (Kyle et al., 2013; Coxon et al., 2016). This analysis was also
applied to the bioaccumulation assay data in order to assess the relationship between the
coal ash leachate treatment levels and the average metal concentrations in the adult P. duryi
tissues (Kyle et al., 2013; Coxon et al., 2016). A Tukey’s Post-Hoc Test was conducted on
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the same data from both assays to determine overall significance between the coal ash
leachate treatment levels (Kyle et al., 2013).
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CHAPTER 3 - RESULTS
SYNTHETIC COAL ASH LEACHATES
Levels of Al, Fe, Se or Zn were below the detectable limit (BDL) in all leachate
treatment levels (Table 3.1). Ca, Cd, Cu, Mg, and Mn were found at the highest
concentration in the 50 g/L treatment (Table 3.1). Levels of As (0.0077 ppm), Cr (0.0027
ppm), and Pb (0.0056 ppm) were found at the highest concentration in the 10 g/L treatment
(Table 3.1). Levels of As (0.0105 ppm) detected in the 10 g/L treatment exceeded the
EPA’s Maximum Contaminant Level for Drinking Water (0.01 ppm) (Table 3.1; EPA,
2015). Levels of Pb (0.0170 ppm and 0.0183 ppm) detected in the 0 g/L and 10 g/L
treatment exceeded the EPA’s Maximum Contaminant Level for Drinking Water (0.015
ppm) (Table 3.1; EPA, 2015). Levels of Cd (0.0095 ppm) detected in the 50 g/L treatment
exceeded the EPA’s Maximum Contaminant Level for Drinking Water (0.005 ppm) (Table
3.1; EPA, 2015). R values for each element ranged from 0.769 to 1.000 (Table 3.1).
2
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Table 3.1: Trace metal concentrations in synthetic coal ash leachates and EPA MCL’s for
Drinking Water (EPA, 2015).
Standard
Curve (R )

Treatment
Level
(Coal Ash
Leachate)

Leachate
(in ppm)

MCL

Al

0.995

1.000

Ca

0.999

Cd

0.999

Cr

0.999

Cu

1.000

Fe

1.000

Mg

0.999

Mn

1.000

Pb

0.967

BDL
BDL
BDL
BDL
0.0036
0.0062
0.0077
0.0063
23.53
29.33
78.5
217.2
0.0017
0.0019
0.0023
0.0062
BDL
BDL
0.0027
BDL
0.0130
0.0123
0.0123
0.014
BDL
BDL
BDL
BDL
14.95
15.13
17.53
23.23
BDL
BDL
BDL
0.2739
0.0036
0.0021
0.0056

N/A

As

0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10

2
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0.010

N/A

0.005

0.100

1.300

N/A

N/A

N/A

0.015

Se

0.901

Zn

0.769

50
0
1
10
50
0
1
10
50

0.0031
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
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0.050

N/A

LABORATORY EXPOSURE
Embryonic Assay
Mortality rates at 10 days of exposure were 1.3% at 0 g/L, 7.2% at 1 g/L, 12.0% at
10 g/L, 9.1% at 25 g/L, 13.8% at 50 g/L, and 60.0% at 100 g/L (Table 3.2). Due to high
mortality, the 100 g/L treatment was excluded from the following dataset. Percentage
mortality after 10 days of coal ash leachate exposure gave an LC50 (lethal concentration
at 50% mortality) of 81.09 g/L and an LC20 (lethal concentration at 20% mortality) of 42
g/L (Figure 3.1).
Effects of synthetic coal ash leachates on viability, development stage, and hatching
time were analyzed every 24 hours of the exposure period (Figure 3.2-3.4). On Day 1 of
exposure, 16.7% of the 0 g/L treatment and 14.8% of the 1 g/L treatment reached the
Trochophora stage (Figure 3.2). On Day 2 of exposure, 14.6% of the 1 g/L treatment
reached the Veliger stage (Figure 3.2). Progression into the Hippo stage was first observed
within the 0 g/L and 1 g/L treatments on Day 5 of exposure (Figure 3.2 and 3.3). On Day
10 of exposure, 100% of the 1 g/L treatment level reached the Hippo stage (Figure 3.2).
The 50 g/L treatment exhibited high development stage variability at Day 10, with some
embryos still within the Trochophora and Veliger stages (Figure 3.2).
The 0 g/L (1.9%) and 1 g/L (14.8%) treatments experienced the earliest hatching at
Day 6 of exposure (Figure 3.4). The 10 g/L treatment showed hatching on Day 7, while the
25 g/L and 50 g/L treatments showed the first signs of hatching on Day 8 of exposure
(Figure 3.4). On Day 10 of exposure, the 1 g/L treatment experienced the highest hatching
rate at 89.9% (Figure 3.4). Some egg clutches within the 0 g/L and 1 g/L treatments
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experienced 100% hatching by Day 10 of exposure (Figure 3.3). The 50 g/L treatment
experienced the lowest hatching rate at 44.0% (Figure 3.3).
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Table 3.2: Percentage of mortality of Planorbella duryi observed after 10 day exposure
to synthetic coal ash leachates (n=7).

% Mortality
Treatment

Day 0

Day 5

Day 10

0 g/L

0

1.3

1.3

1 g/L

0

6.0

7.2

10 g/L

0

12.0

12.0

25 g/L

0

8.2

9.1

50 g/L

0

11.5

13.8

100 g/L

0

59.0

60.0
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Figure 3.1: Percentage of mortality, including LC50 and LC20, for embryonic P. duryi
after exposure to synthetic coal ash leachates.
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Figure 3.2: Development stage graphs for embryonic exposures to synthetic coal ash leachates on
Days 0-10 (n=7). Error bars represent S.E.M.
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Figure 3.3: Embryonic development progression on Days 0, 5, and 10 for 0-50 g/L treatments.
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Figure 3.4: Percentage of hatched embryos during the 10-day exposure period (n=7).
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Bioaccumulation Assay
After 10 days of exposure, adult P. duryi exhibited 0% mortality at all levels of
treatment. Trace metal bioaccumulation was analyzed after 10 days of exposure via ICPOES (Table 3.3). The concentration of Al, Se, or Zn were BDL in the P. duryi tissues after
9 days of exposure. Levels of As (4.92 ppm), Ca (98,203 ppm), Cd (7.56 ppm), Cr (5.29
ppm), Cu (83.99 ppm), Fe (62.69 ppm), and Pb (2.78 ppm) were found at the highest
concentration in P. duryi exposed to the 50 g/L treatment. Levels of Mn (32.03 ppm) were
found at the highest concentration in P. duryi exposed to the 10 g/L treatment. Levels of
Mg (3,406 ppm) were found at the highest concentration in P. duryi exposed to the 0 g/L
treatment.
One-way ANOVA analysis indicated significance in the overall bioaccumulation
dataset for specific trace metals: As (p = 0.0008), Ca (p = 0.0047), Cd (p = 0.0099), Cr (p
= 0.0103), Cu (p = 0.0193), and Mg (p = 0.0001). The elements Al, Fe, Se, and Zn indicated
no significant differences between each of the four leachate treatment levels (Figure 3.5).
The elements As (p = 0.0014, 0.0023, and 0.0178), Ca (p = 0.0333, 0.0095, and 0.0103),
and Mg (p = 0.0010, 0.0017, and 0.0010) indicated significant differences in the lower
treatments (0, 1, and 10 g/L) compared to the higher treatment (50 g/L) (Figure 3.5). The
elements Cd (p = 0.0146 and 0.0285) and Cr (p = 0.0216 and 0.0194) indicated significant
differences in the lower treatments (0 and 1 g/L) compared to the higher treatments (10 and
50 g/L) (Figure 3.5). The element Cu indicated a significant difference between the 10 g/L
treatment and the 50 g/L treatment (p = 0.0282) (Figure 3.5).
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Table 3.3: Trace metal concentrations detected in synthetic coal ash leachates and P. duryi
tissues after 9 days of exposure (n = 4).

Al

As

Ca

Cd

Cr

Cu

Fe

Mg

Mn

Pb

Se

Zn

Treatment (g/L)

Leachate (µg/µL)

0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50
0
1
10
50

BDL
BDL
BDL
BDL
0.0032
0.0084
0.0105
0.0083
26.57
31.29
81.74
312.9
0.0024
0.0025
0.0029
0.0095
0.0031
0.0047
0.0098
0.001
BDL
0.0001
0.0005
0.0274
BDL
BDL
BDL
BDL
20.66
19.88
20.43
29.69
BDL
BDL
BDL
0.4254
0.0125
0.0170
0.0129
0.0183
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0.0378
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Tissue
(µg/g)
BDL
BDL
BDL
BDL
1.35
1.51
2.19
4.92
45,827
36,412
37,007
98,203
1.65
2.16
5.02
7.56
0.82
0.75
1.36
5.29
29.66
27.82
22.14
83.99
BDL
BDL
BDL
62.69
3,406
3,085
3,312
1,119
BDL
BDL
32.03
22.02
2.55
2.41
1.57
2.78
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL

S.E.M
0
0
0
0
0.8888
0.9272
1.4018
2.8460
14,771
15,556
8,088
68,894
0.464
0.615
1.424
7.062
0.684
0.575
1.222
5.580
10.301
16.335
9.107
80.111
0
0
0
177.308
680.944
756.909
660.298
1479.627
0
0
53.621
37.917
3.401
4.491
1.733
2.345
0
0
0
0
0
0
0
0

Ratio (Control
: Treatment)
N/A
0
0
0
N/A
1.12
1.62
3.64
N/A
0.79
0.81
2.17
N/A
1.31
3.04
4.58
N/A
0.91
1.66
6.45
N/A
0.94
0.75
2.83
N/A
N/A
N/A
N/A
N/A
0.91
0.97
0.33
N/A
N/A
N/A
N/A
N/A
0.95
0.62
1.09
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Arsenic

0

A

A

A

A

0

1

10

50

150,000

6
4

A

A

0

1

0

8
4

A

2

A

A

0

1

1
10
50
Coal Ash Concentration
(in g/L)

-2

A

A
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Figure 3.5: Tissue concentrations (in µg/g) of trace metals in adult P. duryi after exposure
to synthetic coal ash leachates (n=4). Error bars represent S.E.M. Letters indicate significant
Reproduction Assay
differences (p < 0.05).
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Effects of synthetic coal ash leachates on reproductive output were analyzed every 24
hours during a 9-day exposure period (Figures 3.6-3.7). One-way ANOVA analysis
indicated significance in the daily average egg production dataset with a p-value of 8.71 x
10 . The 10 g/L treatment had the highest average daily egg production, with an average of
-8

39.48 eggs per pair (p = 0.0010) (Figure 3.6). The 50 g/L treatment had the lowest average
daily egg production, with an average of 1.07 eggs per pair compared to the control (p =
0.0010) (Figure 3.6). Significant differences were also observed between the lower
treatments (0-10 g/L) and the 50 g/L treatment in the daily average egg production (Figure
3.6) (p = 0.0010, 0.0010, and 0.0010, respectively). No significant differences were
observed with comparing the 0, 1, and 10 g/L treatment levels (Figure 3.6).
One-way ANOVA analysis indicated significance in the daily average clutch
production dataset with a p-value of 3.24 x 10 . The 0 g/L treatment had the highest average
-9

daily clutch production, with an average of 1.52 clutches per pair compared to the 50 g/L
treatment (p = 0.0010) (Figure 3.6). The 50 g/L treatment had the lowest average daily
clutch production, with an average of 0.04 clutches per pair compared to the control (p =
0.0010) (Figure 3.6). Significant differences were also observed between the lower
treatments (0-10 g/L) and the 50 g/L treatment in the daily average egg production (Figure
3.6) (p = 0.0010, 0.0010, and 0.0010, respectively). No significant differences were
observed with comparing the 0, 1, and 10 g/L treatment levels (Figure 3.6).
One-way ANOVA analysis indicated significance in the cumulative egg deposition
dataset with a p-value of 6.13 x 10 . After 9 days of exposure, the 10 g/L treatment had the
-5

highest cumulative egg deposition, with a total of 1,630 eggs laid compared to the 50 g/L
treatment (p = 0.0010) (Figure 3.7). In contrast, the 50 g/L treatment had the lowest
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cumulative egg deposition, with a total of 29 total eggs laid compared to the control (p =
0.0010) (Figure 3.7). Significant differences were observed between the 0, 1, and 10 g/L
and the 50 g/L treatment for cumulative egg deposition (p = 0.0010, 0.0010, and 0.0010,
respectively) (Figure 3.7). No significant differences were observed with comparing the 0,
1, and 10 g/L treatment levels (Figure 3.7).
One-way ANOVA analysis indicated significance in the cumulative egg clutch
deposition dataset with a p-value of 1.18 x 10 . After 9 days of exposure, the 0 g/L treatment
-5

level had the highest cumulative clutch production with a total of 44 total clutches laid
compared to the 50 g/L (p = 0.0010) (Figure 3.7). The 50 g/L treatment had the lowest
cumulative clutch production, with a total of 2 egg clutches laid compared to the control
(p = 0.0010) (Figure 3.7). Significant differences were also observed between the lower
treatments (0-10 g/L) and the 50 g/L treatment in the cumulative egg clutch deposition
(Figure 3.7) (p = 0.0010, 0.0010, and 0.0010, respectively). No significant differences were
observed with comparing the 0, 1, and 10 g/L treatment levels (Figure 3.7).
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CHAPTER 4 - DISCUSSION
SYNTHETIC COAL ASH LEACHATES
Trace metals were present in solution after the addition of coal ash to the synthetic
water. Concentrations in solution with higher coal ash content were generally higher
compared to the solutions with lower ash. The abundances of trace metals in the higher
coal ash treatment levels compared to the lower treatments support coal-burning
repositories as a primary contributor of trace metals in aquatic environments (Huang et al.,
2017; Noli and Tsamos, 2016; Vaasma et al., 2017). A high presence of mobile trace metals
in aquatic regions near these repositories could be associated with the direct disposal of
treated coal ash waste under a plant’s water discharge permit (EPA, 2014; EPA, 2015). As
coal ash particles mix with water, the particles have the potential to leach various trace
metals, making them mobile in the surrounding water (EPA, 2014). Higher volumes of coal
ash waste enable greater leaching of trace metals, ultimately resulting in the contamination
of surface waters near power stations (EPA, 2014). A higher abundance of trace metals in
the synthetic coal ash leachates suggests that coal ash waste is a main contributor to trace
metal contamination in aquatic ecosystems surrounding coal-burning repositories.
Demirak et al. (2006) assessed the concentrations of various heavy metals (Cd, Cr, Cu, Pb,
and Zn) in water samples from near a coal-burning power plant. An average of 30 water
samples presented metal concentrations of 0.171 ± 0.274 ppb Cd, 0.092 ± 0.134 ppb Cr,
0.365 ± 0.394 ppb Cu, 0.405 ±0.268 ppb Pb, and 1.051 ± 1.751 ppb Zn (Demirak et al.,
2006). Previous studies have also investigated trace metal contamination surrounding coalburning power stations on a global basis. Karamanis et al. (2009) assessed the
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concentrations of trace metals from discharge waters in the surrounding area of a lignitefired power plant in NW Greece. Mean concentration of trace elements analyzed in water
samples were Cr (1.2 ± 0.7 ppb), Mn (2.7 ± 0.9 ppb), Fe (68.8 ± 14.5 ppb), Cu (3.6 ± 0.7
ppb), Zn (11.1 ± 7.4 ppb), and Pb (1.0 ± 0.3 ppb) (Karamanis et al., 2009). These similar
trace metal concentrations compared to the coal ash leachates validate coal-burning
repositories as a contributor of trace metal contamination in aquatic environments. The
lower concentrations of trace metals in the coal ash leachates may suggest that lower ash
content correlates to lower metal leaching due to lower abundance of ash particles. Lower
total number of ash particles within solution may contribute to less total metal content in
solution compared to solution with higher ash particle content.
Lower concentrations of trace metals in coal ash leachates were highly prevalent in
a mixture of both essential and non-essential metals analyzed in solution: As, Cd, Cr, Cu,
Mg, Mn, and Pb. These trace elements have been widely studied for their leaching
characteristics under various environmental conditions. One of the main water parameters
that is known to significantly impact the leaching of metals from coal ash is pH (Wang et
al., 2004). The pH of the leachate solution before the addition of coal ash plays a large role
in the amount of metals that are leached into the surrounding solution (Wang et al., 2004).
Sandeep et al. (2016) assessed the leaching behavior of trace metals from coal fly ash at
various pH’s (2-12). One fly ash sample showed that at a leachate pH of 2 and 4, 1.30%
and 1.86% of As leached into solution (Sandeep et al., 2016). On the other hand, at a pH
of 10 and 12, 8.69% and 16.85% of As leached into solution (Sandeep et al., 2016). As
such, As was found to have the highest leachability at a pH range of 10-12 compared to the
lower pH range of 2-4 (Sandeep et al., 2016). This leaching behavior was also confirmed
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for the trace element Se in the same study (Sandeep et al., 2016). Another leaching study
observed low Se concentrations at a leachate pH of 3-4 (Sahoo et al., 2016). The maximum
amount of Se was leached at pH 12 using NaOH (Sahoo et al., 2016; Wang et al., 2007).
Previous studies have shown that the fraction of elements such as As, Cu, and Se that is
leachable from coal ash equals less than 10% of the total metal content (Jegadeesan et al.,
2008; Sočo and Kalembkiewicz, 2007). Based on these studies, it is suggested that specific
trace metals experience a higher leaching ability in solutions that are more alkaline
compared to acidic solutions. Low levels of As detected in the synthetic coal ash leachates
as well as no levels of Se could be attributed to the neutral pH of the solution prior to coal
ash addition. This could have resulted in low overall leaching or no leaching occurring for
these specific trace elements.
This phenomenon is also observed in the higher leaching of specific trace elements
in solutions with a lower pH. da Silva et al. (2018) assessed metal leachability from coal
combustion residuals under different pH conditions. The leaching behavior of Cd was
shown to increase in the presence of a lower pH leachate (da Silva et al., 2018). At high
pH’s above 7.5, Cd is known to precipitate as CdCO , resulting in a decrease in overall
3

leaching (da Silva et al., 2018). Okada et al. (2007) reported their use of acidic leaching
via acetic acid resulted in 97% of Zn and 98% of Pb being recovered from coal fly ash.
These studies express how the pH of the leachate solution has a direct effect on the metals
leached from the fly ash. Gong et al. (2010) investigated the leaching characteristics of
heavy metals in fly ash using different leaching solutions. Cr was shown to have a higher
leachability in the HCl solution, with the highest leachability approaching 36.9% (Gong et
al., 2010). Based on these studies, it is suggested that other trace metals can experience a
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higher leaching ability in solutions that are more acidic compared to alkaline solutions.
Low levels of Cd, Cr, and Pb detected in the synthetic coal ash leachates as well as no
levels of Zn could also be attributed to the neutral pH of the solution prior to coal ash
addition. This could have resulted in low overall leaching or no leaching occurring for these
specific trace elements.
Elements such as Ca and Mg were shown to have the highest overall concentrations
in the coal ash leachates. These elements are critical components of the synthetic water
used to prepare these leachates prior to the addition of coal ash. Therefore, it is suggested
that the high presence of these elements in the leachates are from the utilization of
chemicals used to compose the synthetic water (CaSO4 · 2H2O and MgSO4).
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LABORATORY EXPOSURES
Embryonic Assay
After 24 hours of exposure, partial mortality was observed at all treatments
containing coal ash (Table 3.2). The greatest percent increase of mortality experienced by
embryonic P. duryi during coal ash leachate exposure is shown to occur within the first
five days of exposure (Table 3.2), indicating that P. duryi may express high sensitivity to
coal ash waste as a result of acute exposure. Analysis after 10 days of exposure to coal ash
leachates suggests a lethal concentration occurring at 42 g/L with 20% mortality, and
approximately 81 g/L with 50% mortality (Figure 3.1). Images obtained of P. duryi egg
clutches during exposure period express high discoloration within the 50 g/L treatment,
correlating to 100% mortality of embryos within the clutch (Figure 3.3). These data show
a considerable increase in potential mortality with acute exposure to the coal ash leachates,
indicating that its introduction into aquatic environments may result in significant impacts
on P. duryi survival. Further analysis may aid in interpreting these correlations.
Results presented in this study indicate that the exposure of embryonic P. duryi to
synthetic coal ash leachates accelerates their development within 24 hours. After 48 hours
of exposure, progression into the Veliger stage was first observed within the 1 g/L
treatment (Figure 3.2). In addition, some egg clutches within the 0 and 1 g/L treatments
showed progression into the Trochophora stage as early as Day 1 of exposure (Figure 3.2).
The observed acceleration of P. duryi development within the 1 and 10 g/L treatments may
indicate the presence of a phenomenon known as hormesis, a dose-response relationship
phenomenon characterized by low-dose stimulation and high-dose inhibition (Calabrese
and Baldwin, 2003). The phenomenon can hold high influence on the progression of the
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embryos into subsequent developmental stages as well as the formation of various tissues.
No previous developmental studies have been conducted on P. duryi to assess for the
occurrence of hormesis; however, numerous studies have observed a hormetic effect in
other snail species due to exposure to various pollutants. For instance, Svigruha et al.
(2021) assessed the effect of an oral contraceptive progestogen (1-500 ng/L) on the
development of embryonic Lymnaea stagnalis (L. stagnalis). Embryos exposed to the 10
ng and 100 ng treatments experienced a significant increase in embryonic development
progression (p < 0.05) compared to the control (Svigruha et al. 2021). The data presented
by Svigruha et al. (2021) indicate that this model snail species experiences a hormetic effect
in their development time at low concentrations of progestogen.
The observed delay of P. duryi development within the higher treatments may
indicate that P. duryi exposure to coal ash leachates can have a negative impact on the
embryos’ ability to progress into further development stages as well as develop properly.
Previous studies have assessed the impacts of metals on numerous aquatic species and their
development rate. Gomot (1998) investigated the effects of sublethal doses of Cd (0-400
µg/L) on the development stage of L. stagnalis embryos. For the embryos exposed to the
400 µg/L treatment, development did not progress past the Morula stage (Gomot, 1998).
At 100 and 200 µg/L, embryo development ceased to progress past the Veliger stage
(Gomot, 1998). Embryos exposed to 25-100 µg/L experienced a delay in development,
with hatching occurring up to 15 days later than the control embryos (Gomot, 1998). By
day 10 of exposure, P. duryi embryos exposed to the 25 and 50 g/L leachates experienced
high variability in development stage progression, indicating a “pause” in their ability to
develop shown by some embryos still within the Trochophora and Veliger stages. The mid-
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concentrations of 10 and 25 g/L also exhibited slight variability in development stage
among the embryos, with some still within the Veliger stage. Inability of P. duryi embryos
to fully develop indicates that exposure to treated coal ash waste can potentially prevent
embryos from reaching the final Hippo stage and successfully hatching. This may result in
a gradual decrease in overall hatching for the species, resulting in lower population size
over time.
Some embryonic exposure studies have identified developmental abnormalities in
aquatic species after exposure to a pollutant. LaLone et al. (2011) examined the early-lifestage effects of the steroid dexamethasone on fathead minnow embryos. Results after 29
day embryo-larvae assay showed that fry exposed to 500 µg/L exhibited a significant
reduction in length and weight compared to the control (LaLone et al., 2011). In addition,
36.1% of the fathead minnows exposed to 500 µg/L displayed some type of operculum
deformity (bilateral, unilateral) on weeks 16-17 post-dexamethasone exposure (LaLone et
al., 2011). Data from this study signify how embryonic exposure to a pollutant can result
in developmental abnormalities in an aquatic species. Identifying any possible
abnormalities that can lead to issues such as impaired bodily functions (digestion,
respiration, etc.), infertility, and immobility could be helpful in understanding the longterm impacts on this aquatic invertebrate in the presence of treated coal ash waste. While
this study did not assess the growing of P. duryi post hatching, further analysis may aid in
the understanding of how treated coal ash waste could impact the tissues as well as the
growing of this aquatic invertebrate.
Observing early hatching of P. duryi embryos within the 1 g/L treatment suggests
that exposure to coal ash leachates can also enable a hormetic effect on the hatching rate
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of this freshwater snail species. Bal et al. (2016) investigated the lethal and sublethal
impacts of prednisolone exposure on the embryonic and posthatching stage of the
freshwater snail Physa acuta (P. acuta). With a concentration range of 15.6-1000 µg/L,
premature hatching was observed within P. acuta embryos exposed to lower concentrations
of 31.25-62.5 µg/L (Bal et al., 2016). Delayed hatching was also observed in embryos
exposed to concentrations of 125-1000 µg/L (Bal et al., 2016). This pattern of an increase
in hatching rate with low-dose exposures of a contaminant signifies the occurrence of
hormesis within another freshwater snail species. In addition, a decrease in hatching rate
with high-dose exposures of a contaminant signifies a negative impact on another
freshwater snail species ability to hatch. This can result in direct impacts on population
dynamics as fewer snail embryos are able to hatch and support the local populations in the
environment overtime. Another study investigated if the phenomenon of hormesis would
be experienced by mallard eggs that are injected with a low dose of methylmercury chloride
(0-6.4 µg/g) (Heinz et al., 2012). The hatching success of eggs injected with 0.05 µg/g of
mercury showed a significant increase (93.3%) in the lower treatment level compared to
the controls (72.6%), indicating the occurrence of hormesis (Heinz et al., 2012). The
presence of delayed hatching within P. duryi embryos exposed to coal ash leachates could
pose a potential threat to the species in natural environments. Inability to hatch could lead
to drastic decreases in their population size over time as well as increase their vulnerability
to predation in aquatic environments.
Hormesis in numerous snail species is commonly linked to the activation of various
markers for antioxidant defense and for cellular damage (Ayinuola and Adewale, 2018).
Enzymes such as glutathione S-transferase (GST), a family of proteins that conjugate
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glutathione (GSH) to numerous electrophilic centers found in toxic compounds, aid in
detoxification, when an organism comes into contact with various chemical xenobiotic
compounds (Arbildi et al., 2017; Jifa et al., 2006; Ayinuola and Adewale, 2018). This
antioxidant enzyme is vital to the adaptation of numerous living organisms, including
snails, to stressful environmental conditions via the elimination of reactive oxygen species
(ROS) and the prevention of oxidative stress (Barata et al., 2005; Khalil, 2015; Radwan et
al., 2010).
The increased activity of this enzyme has commonly been associated with hormesis
in organisms when exposed to various chemicals, including metals. Helmcke and Aschner
(2010) assessed the ability of the nematode Caenorhabditis elegans (C. elegans) to exhibit
a hormetic response in response to exposure of sublethal doses of methylmercury (MeHg)
and the role of various enzymes in the response, including GST. After a low-dose acute
exposure to MeHg, an increase in GST-4 expression was expressed within C. elegans,
indicating that GST may be inducing MeHg-hormesis and rendering high resistance in C.
elegans to the metal compound (Helmcke and Aschner, 2010). Another study examined
the impacts of Z-Ligustilide (Z-LIG: 0-5 mg/g) on the activities of various detoxification
enzymes, including GST, in Spodoptera litura (S. litura) leaves (Yi et al., 2018). Results
showed a hormetic response with an increase of low-dose Z-LIG associated with a Z-LIG
mediated change of GST mRNA expression (Yi et al., 2018). Highest amount of GST
activity within S. litura was expressed in the lower (0.1 and 0.5 mg/g) treatment levels (Yi
et al., 2018). While these studies were conducted on different organisms, their results
validate the occurrence of hormesis in both invertebrate and plant species as a result of
chemical exposure, showing an increase of GST activity (Helmcke and Aschner, 2010; Yi
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et al., 2018). This phenomenon may correlate to the acceleration of development and
hatching time experienced by embryonic P. duryi during coal ash leachate exposure. If so,
GST within P. duryi may be experiencing an increase within the lower treatments (1 and
10 g/L) as a result of metal exposure within the leachate. This may result in P. duryi
exhibiting a higher resistance to the metals in the solution, supporting the observed
accelerated development and increased hatching success within the embryos exposed to
the lower treatments. Further analysis is needed to validate the presence and activity of
GST in embryonic P. duryi and how the activity of this enzyme is impacted by coal ash
leachate exposure.
Bioaccumulation Assay
The exposure of synthetic coal ash leachates on adult P. duryi was shown to induce
an increase in trace metal bioaccumulation within the snail body as a result of increasing
coal ash concentration. As the coal ash concentration increased, the ratio of trace metals
detected in the control snail compared to snails exposed to the higher treatments also
increased, indicating a dose-dependent trend in trace metal concentration with the increase
in coal ash content within the solution (Table 3.3). Results of the bioaccumulation portion
of this study introduces the use of P. duryi as a model species through the observed
accumulation of trace metals in their tissues. Previous studies have utilized numerous
aquatic species in assessing the impacts of ash-derived heavy metals on bioaccumulation.
A variety of fish species have served as test model species in toxicology studies assessing
the impacts of coal ash on trace metal bioaccumulation. Otter et al. (2012) examined the
bioaccumulation rate of As and Se in the tissues of largemouth bass, white crappie, bluegill
and redear sunfish collected from sites in close proximity to the Kingston coal ash spill.
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Elevated levels of As and Se were detected in the tissues of all fish species analyzed. Se
was found in the highest concentrations within the liver (24.83 mg/kg dry weight) and
ovaries 910.40 mg/kg dry weight) of the redear sunfish collected from the ash-impacted
sites (Otter et al., 2012). Another study assessed Se concentrations of the tissues of 13 fish
species collected from Pigeon River and Pigeon Lake, Michigan, near the J.H. Campbell
Power plant where coal ash pond effluent is discharged (Besser at al., 1996). Se
concentrations in fish collected from effluent-receiving sites were significantly higher (~
45.3 µg/L) than in fish collected upstream of the power plant (<1.0 µg/L) (Besser et al.,
1996). While these studies were not conducted on freshwater snail species, the observed
bioaccumulated levels of known toxic trace elements such as As and Se on numerous fish
species further supports coal-burning repositories as contributors of trace metals in aquatic
environments. In effect, higher proximity of these aquatic species to these power stations
could potentially result in greater tissue bioaccumulation and, therefore, higher mortality
and long-term population impacts. Results of this study expressing a dose-dependent
increase of various metals such as As, Cd, Cr, and Cu validates the impacts of coal ash
waste on the tissues of a freshwater invertebrate as the levels of these metals have been
shown to bioaccumulate in the tissues of various aquatic species located in the vicinity of
coal-burning power stations.
Observing high levels of bioaccumulation of numerous trace metals in adult P. duryi
suggests that this species uptakes a high concentration of these metals from the coal ash
solution during exposure. Trace metal data for this study indicate a higher proportion of
trace metals were detected in the P. duryi tissues compared to the levels detected in the
coal ash leachates (Table 3.3). This suggests that P. duryi is capable of bioconcentrating
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these metals in their tissues, which could be potentially harmful to their survival over time.
Other snails species have been shown to bioconcentrate heavy metals in their tissues as a
result of trace metal exposure. Shuhaimi-Othman et al. (2012) investigated the acute
toxicity of eight trace elements (Al, Cd, Cu, Fe, Mn, Ni, Pb, and Zn) on the freshwater
gastropod Melanoides tuberculata (M. tuberculata) and the bioconcentrations of these
metals in their body tissues. After 4 days of exposure, the highest concentration factors
(CFs) were determined for Cu (988), Pb (169), and Zn (132), in comparison to the lowest
CF for the element Al (0.07) (Shuhaimi-Othman et al., 2012). Orabi and Khalifa (2020)
examined the bioconcentration of various metals in M. tuberculata tissues collected from
drains pouring into the Manzala Lagoon, known to receive high volumes of untreated
wastewater (Ali, 2008). Bioconcentration factors (BCFs) of metals detected in M.
tuberculata tissues compared to levels detected in the water ranged from 4.81-19.34 for
Cd, 16.03-26.65 for Cu, 38.50-70.88 for Zn, and 296.67-840.47 for Fe (Orabi and Khalifa,
2020). Hoang et al. (2008) determined the mean Cu BCF for juvenile Pomacea paludosa
(apple snails) was 1493, up to 93 times higher than in Orabi and Khalifa’s (2020) study. In
effect, these studies validate that the exposure of trace metals on numerous snail species
results in the bioconcentration of these metals within the snail itself. Further analysis is
needed to quantify the BCFs of the metal levels detected in the adult P. duryi compared to
the leachate solutions in order to properly compare BCFs to previous studies conducted on
freshwater snail species.
The presence of various trace metals shown within adult P. duryi indicates the
bioaccumulation of the metals within the body of P. duryi; however, the exact tissue
component of the individual P. duryi where the metals are bioaccumulating is not known
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based on this dataset. Previous studies have assessed the impacts of trace metal exposure
on the bioaccumulation of metals in various snail body tissues. Desouky (2006) assessed
the distribution of three trace metals (Al, Cd, and Zn) within the digestive gland and kidney
of L. stagnalis. After 30 days of exposure, all three elements were shown to bioaccumulate
the highest in the digestive gland, with percentages of up to 62.5% (Al), 65% (Cd), and
70.2% (Zn) of the exposure concentration, respectively (Desouky, 2006). The kidney
showed the second highest bioaccumulation of the elements, with percentages of up to
28.1% (Al), 11% (Cd), and 18.1% (Zn) of the exposure concentration, respectively
(Desouky, 2006). Another study determined after 56 days of exposure to Cd, adult L.
stagnalis were shown to bioconcentrate significantly higher levels of Cd within the viscera
compared to the muscular foot of the snail (Reátegui-Zirena et al., 2017). Additionally,
Vukašinovic ́-Pešic ́ et al. (2020) investigated the bioaccumulation of trace metals on
various organs of Helix valdika and Helix secernenda. The highest bioaccumulation of Cu
was observed within the reproductive organ tissue of two snail species, while the digestive
gland and hepatopancreas were shown to bioaccumulate elements such as Cd and Se
(Vukašinovic ́-Pešic ́ et al., 2020). In general, these studies express how numerous trace
metals have been shown to bioaccumulate in higher concentrations in the visceral mass of
the snail, the main part of the body consisting mainly of the internal organs such as the
digestive gland, kidneys, heart, stomach, reproductive organs, etc. (Wan Omar and Kassim,
2015). High trace metal concentrations bioaccumulating in such a large portion of the snail
body can potentially result in direct impacts on various bodily functions of the snail such
as respiration, movement, reproductive output, etc. Further analysis is needed to assess the
long-term impacts of trace metal exposure on adult P. duryi, specifically which tissues are
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most impacted from coal ash leachate exposure, and how it affects the function of those
tissues.
Reproduction Assay
The exposure of synthetic coal ash leachates on adult P. duryi was shown to induce
significant decreases in the total number of eggs and egg clutches laid during the 9-day
exposure period. No mortality was observed in any of the treatment levels during the
exposure period. Results of the reproduction portion of this study introduces the use of P.
duryi as a model species due to its high fecundity and fast reproductive output (Frankel et
al., 2020). Frankel et al., (2020) investigated the non-lethal impacts of methoxychlor on
the locomotor behavior and reproduction of adult P. duryi. After a 9-day exposure period,
all methoxychlor treatment levels experienced a significant decrease in the total number of
egg clutches laid compared to the control. Also, no egg production was observed in the 250
µg/L treatment during the exposure period (Frankel et al., 2020). This publication serves
as the only toxicology study that has been conducted on P. duryi. While the effects of heavy
metals were not analyzed on this species, this study indicates significant findings for how
exposure of P. duryi to a contaminant results in decreases in egg and egg clutch production
(Frankel et al., 2020).
Apart from P. duryi, other studies have utilized numerous snail species in assessing
the impacts of ash-derived heavy metals on reproduction. Notten et al., 2006 investigated
the effects of various trace metals (Cu, Cd, Pb, and Zn) on the reproduction of the land
snail Cepaea nemoralis (C. nemoralis) collected from a reference location, two lowpolluted locations, and a highly-polluted location. C. nemoralis collected from the highlypolluted (HP) location laid no eggs during the 20-week period (Notten et al., 2006). Based
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on this finding, Notten et al. (2006) hypothesized that the presence of high metal
bioaccumulation in the adult C. nemoralis collected from the HP location (Cd = 94 µg/g,
Cu = 435 µg/g, Pb = 48 µg/g, Zn = 2362 µg/g) resulted in low reproductive success,
implying a high energy cost that is associated with the detoxification of these metals within
the snail itself (Notten et al., 2006). Ubrihien et al. (2020) assessed the reproductive
response of the Planorbid snail Isidorella newcombi (I. newcombi) to chronic Cu exposure
(0-120 µg/L). I. newcombi exposed to Cu above the 15 µg/L treatment produced no eggs
during the final week of the exposure period, indicating that the species could not persist
at concentrations above 15 µg/L for Cu (Ubrihien et al., 2020). In this study, no significance
was observed between the 0, 1, and 10 g/L coal ash treatments for all reproductive
endpoints analyzed; however, significance was observed for the three lower treatment
levels compared to the 50 g/L treatment (Figure 3.6 and 3.7). Low total number of eggs
and egg clutches laid by P. duryi in the 50 g/L coal ash treatment level may indicate the
snails are undergoing high stress due to dedicating energy to the detoxification of trace
metals from the leachate. High energy used towards the detoxification process could
potentially be decreasing the P. duryi’s ability to mate and/or reproduce. This may result
in major population declines over time as fewer individuals are unable to reproduce and
support the population size in an aquatic ecosystem, leading to potential extinction. Further
analysis is required in order to assess the levels of stress experienced by P. duryi within all
coal ash treatment levels after the 9-day exposure period and how stress impacts their
reproductive function.
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CHAPTER 5 – FUTURE STUDIES
SYNTHETIC COAL ASH LEACHATES
pH-Adjusted Leachates
This project assessed trace metal contamination within various coal ash leachates
containing different concentrations of coal ash. To expand this study, new coal ash
leachates can be prepared at different pH levels using the same concentration of coal ash
in order to elucidate the leaching of trace metals under various pH conditions. By adjusting
the pH of multiple solutions to a specific pH before the addition of the same concentration
of coal ash, the role of pH on the leaching of trace metals can be determined.

LABORATORY EXPOSURES
Individual Metal Exposures
In this study, the developmental impacts of coal ash were assessed through observing
changes in development stage of embryonic P. duryi. While these results find that coal ash
does induce accelerated development at low doses and developmental delays at high doses
in P. duryi, the exact component of coal ash that is causing these impacts is unknown.
Through conducting embryonic exposures using prepared solutions of individual trace
metals, the metal component(s) of coal ash that is causing impacts on development and
hatching rate can be determined.
Tissue Specific Analysis
To further assess what specific tissues of adult P. duryi are bioaccumulating trace
metals from the coal ash leachates, various tissues can be extracted and analyzed using the
same digestion method in this study. Organs such as the lungs, kidneys, digestive gland,
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muscular foot, etc. can be manually extracted after 9-days of exposure, digested using the
same method for the bioaccumulation assay, and quantified for trace metal
bioaccumulation using ICP-OES in order to determine the localization of trace metals with
the body of P. duryi. This additional study could aid in assessing the impacts of treated
coal ash waste on specific bodily functions of P. duryi including respiration, fertility,
digestion, reproduction, and more.
Depuration Assay
This study sought to determine the impacts of treated coal ash waste on the
bioaccumulation of trace metals in adult P. duryi. Results indicated that various trace
metals are bioaccumulated within the whole body of the snail after 9-days of exposure;
however, P. duryi’s ability to recover after exposure to treated coal ash waste is not known.
A depuration assay can be conducted in which the after exposure period, the adult P. duryi
pairs are placed into synthetic water in order to acclimate to normal conditions. During a
9-day depuration period, adults can be collected for tissue digestion (Days 0, 3, 6, 9) in
order to assess P. duryi’s ability to recover after different number of days after coal ash
leachate exposure. This additional study could be helpful in determining the P. duryi’s
ability to recover after different number of days after coal ash leachate exposure. Results
could elucidate how much time it takes for P. duryi to recover after short-term exposure to
treated coal ash waste.

55

CHAPTER 6 – CONCLUSIONS
This study consisted of two main objectives: i) assess the levels of trace metal
leaching in solutions containing different concentrations of coal ash and ii) examine the
impacts of the coal ash solutions on the development, bioaccumulation, and reproduction
of a non-model aquatic invertebrate species. The chosen objectives sought to expand the
current knowledge on trace metal pollution due to the discharge of treated coal ash waste
into aquatic ecosystems as well as how this waste may impact the physiology of a
freshwater snail species.
In the synthetic coal ash leachates, trace metals were present in all treatment levels
containing coal ash. Trace metal levels were shown to increase with higher coal ash
concentration, suggesting that the release of large coal ash waste volumes can result in
higher trace metal leaching in aquatic environments. While low concentrations of trace
metals were shown to leach in the solutions, our results suggest that these levels can still
impose sublethal impacts on a freshwater invertebrate.
The synthetic coal ash leachates were found to cause numerous sublethal impacts in
P. duryi overall. Acute exposure of embryonic P. duryi induced significant changes to the
developmental progression of the embryos, further expanding our understanding of treated
coal ash waste and how it may affect the development of an aquatic invertebrate. Exposure
of adult P. duryi to coal ash leachates resulted in significant changes in egg and egg clutch
deposition within the highest treatment as well as an increase in trace metal
bioaccumulation within the tissues. Although the results for bioaccumulation had a lower
sample size compared to the reproduction assay, there is a strong indication that trace metal
contamination is present in aquatic environments surrounding coal-burning repositories
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and suggests the potential bioaccumulation impacts to native wildlife. The observed effects
suggest that treated coal ash waste may cause long-term impacts on this species’ ability to
function properly.
The results in this study provided additional knowledge to the known presence of
trace metals in regions near coal-burning repositories and aid in expanding the current
scope of trace metal exposure studies that focus on coal ash waste and its impacts on aquatic
species. Focusing on these two research goals allowed for greater understanding of the
discharge of treated coal ash waste and its impact on aquatic ecosystems in order to better
understand how the continuous combustion of coal for energy production has impacted
natural environments.
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